Limited attention has been given to ecological factors influencing the coevolution of male and female genitalia. The innovative ovipositor of Drosophila suzukii, an invading fruit pest, represents an appealing case to document this phenomenon. The serrated saw-like ovipositor is used to pierce the hard skin of ripening fruits that are not used by other fruit flies that prefer soft decaying fruits. Here, we highlight another function of the ovipositor related to its involvement in genital coupling during copulation. We compared the morphology and coupling of male and female genitalia in this species to its sibling species, Drosophila subpulchrella, and to an outgroup species, Drosophila biarmipes. These comparisons and a surgical manipulation indicated that the shape of male genitalia in D. suzukii has had to be adjusted to ensure tight coupling, despite having to abandon the use of a hook-like structure, paramere, because of the more linearly elongated ovipositor. This phenomenon demonstrates that ecological niche exploitation can directly affect the mechanics of genital coupling and potentially cause incompatibility among divergent forms. This model case provides new insights towards elucidating the importance of the dual functions of ovipositors in other insect species that potentially induce genital coevolution and ecological speciation.
Introduction
The morphology of male and female genitalia represents one of the most diverse traits, even among closely related species, across various animal taxa. Its evolution has been frequently ascribed to selective forces arising from interactions between the two sexes, such as post-copulatory sexual selection and sexual conflict [1] [2] [3] [4] . While sexual selection via female choice or male-male competition and the conflicting selective forces between sexes undoubtedly explain a wide variety of genital morphology in different taxa, limited attention has been given, so far, to the influences of natural selection from ecological factors not related to mating or fertilization [5 -8] . In particular, despite the fact that female genitalia are subjected to selective pressures related to oviposition or giving birth in many animals, how these selective forces influence genital coevolution between the sexes has not been given enough attention.
A saw-like enlarged ovipositor of a pest insect species, the fruit fly Drosophila suzukii [9] [10] [11] [12] , provides an appealing model case, demonstrating the direct influence of ecological factors on genital morphology. While most closely related species of Drosophila lay eggs on decaying fruits, the females of D. suzukii use their specialized ovipositors to puncture holes in ripening fruits that other species avoid [12, 13] . This distinct behaviour has caused this species to become a serious pest in Europe and America where they have recently been introduced [14, 15] .
In this study, we investigate another role of this ovipositor on genital coevolution. To elucidate the consequences of this key innovation for intersexual genital coupling, we conducted a detailed comparison with a sibling species Drosophila subpulchrella, which has a similarly enlarged ovipositor [16] but does not lay eggs into hard substrates like Drosophila suzukii [12] . Our results provide new insights on the dual functions of the ovipositors and the possible influences on genital coevolution and mechanical incompatibility.
Material and methods (a) Fly stocks
Drosophila suzukii WT3 strain was obtained from the Drosophila Species Stock Center in San Diego, USA. Drosophila subpulchrella H243 strain was collected from Hiratsuka-shi, Japan, in 1979. Wild-derived strains of D. suzukii (TMUS01, TMUS02, TMUS03,  TMUS05, TMUS06, TMUS07, TMUS08, TMUS09, TMUS10,  TMUS11, TMUS13, TMUS15, TMUS16, TMUS18, TMUS19,  TMUS20, TMUS21, TMUS22, TMUS24, TMUS26) were collected from Hachioji-shi, Japan, in 2015. Wild-derived strains of D. subpulchrella (NAR01, NAR02, NAR03, NAR04, NAR05, NAR06, NAR07, NAR08, NAR09, NAR10, NAR11, NAR12, NAR13, NAR14, NAR15, NAR16, NAR18, NAR19, NAR20, NAR21) were collected from Narusawa-mura, Japan, in 2016. Drosophila biarmipes MYS118 strain was collected from Mysore, India, in 1981. TMUS strains (TMUS01 -TMUS26) were maintained at 258C (except when TMUS08 was used to measure copulation traits, the strain was kept at 208C), and all other strains were kept at 208C, under 12 L : 12 D (light, L; dark, D) conditions.
(b) Observation of spatial configuration of male and female genitalia during copulation
To observe genital coupling, a virgin female (4 -7 days after eclosion) and a male (greater than or equal to 3 days after eclosion) were placed in a plastic Petri dish (F35 Â 10 mm) at 23 -268C, and copulating pairs were flash-frozen in 95% ethanol with dry ice. These samples were stored at 2208C for more than two weeks and cleared by 1 : 2 benzyl alcohol and benzyl benzoate solution after being embedded in the agarose block [17] . Observations were made using an Olympus BX53 light microscope. The contacting state of the parameres, paired spine-like structures of male phallic organ, was assessed by the same procedure, or under an Olympus SZX16 stereomicroscope without clearing.
(c) Analysis of paramere shape
Paramere shape was analysed by first dissecting adult males (greater than or equal to 3 days after eclosion) in 70% ethanol and mounting the paramere specimens with the ventral side facing up in 50% Hoyer's solution. Specimens were observed using an Olympus IX71 microscope, and images were captured using an Olympus DP73 camera (Olympus Corporation, Shinjuku-ku, Tokyo, Japan). An outline of the left or right intact paramere was extracted using ADOBE PHOTOSHOP after manually setting a boundary at the tip and base positions. The elliptic Fourier descriptors [18] of the outlines were subjected to principal component analysis (PCA). Ten harmonics were used to describe the outline of each shape. The images were processed using IMAGEJ [19] , and elliptical Fourier analysis and PCA were conducted using a custom script in R [20] .
(d) Copulation behaviour analysis
The behaviour of a virgin female (4 -7 days after eclosion for conspecific pairing and less than 1 day after eclosion for heterospecific pairing) and a male (greater than or equal to 3 days after eclosion) placed in a plastic Petri dish (F35 Â 10 mm) was recorded by a Canon ivis HF R52 video recorder (Canon Inc., Ohta-ku, Tokyo, Japan) under 16 -51% relative humidity at 23 -268C. The copulation duration was calculated from the time points for the initiation and termination of the attachment of genitalia for pairs mated within an approximately 3 h recording period. Following the procedure described in Tanaka et al. [21] , video images of the copulated pairs were manually cropped, and the images of the copulating (attached) period of each pair were saved in five frame-per-second AVI format using MPEG STREAMCLIP and subsequently converted to grey scale TIFF files (about 330 Â 330 pixels) by using IMAGEJ [19] . The images were transformed to 8-bit binary format by setting the threshold at 99.75% to make the copulating pair stand out from the background. The adjusted images were subjected to object tracking by the MTrack2 macro. The run parameters were minimum object size ¼ 10 ( pixels), maximum object size ¼ 999999 ( pixels), maximum velocity ¼ 500 and minimum track length ¼ 2 (frames). Threshold was readjusted when tracking was not possible under this condition. The average velocity was calculated from the extracted xy coordinates of the tracked copulating pair. An exact permutation test was performed using 'perm' package in R [19] .
(e) Disruption of the pocket-like structure of the postanal cuticle
A virgin female 1 day after eclosion was anaesthetized on ice and placed laterally with the left side facing upwards on a piece of double-sided adhesive tape attached to the microscope slide. The pocket-like structure of the post-anal cuticle (electronic supplementary material, figure S1 ), which comes into contact with the paramere during copulation in D. subpulchrella, and the corresponding area in D. suzukii, was punctured by a fine needle (item no. 26002-10, Fine Scientific Tools, North Vancouver, BC, Canada). The presence of melanized patches of the repaired wound on the targeted cuticle was assessed after video recording copulation behaviour.
Results (a) Comparison of copulation postures between species
To investigate the effect of the enlarged ovipositors in D. suzukii and D. subpulchrella, we performed a detailed comparison of the spatial configuration of male and female external genitalia during copulation in the two species after flash-freezing the copulating pairs. The male genitalia of these species consist of phallic organs, which include the aedeagus (figure 1e 0 , a tube-like intromittent organ for sperm transfer) and a pair of spine-like parameres (figure 1e 0 and figure 2a,b), and periphallic organs surrounding them [22] . Because D. suzukii has a more linearly elongated ovipositor (figure 1c; electronic supplementary material, figure S1 ) compared with that of D. subpulchrella (figure 1d; electronic supplementary material, figure S1), male periphallic organs cover only the posterior tip of the ovipositor, leaving a larger proportion of the ovipositor exposed (figure 1a 0 ,b 0 ). Consequently, the male paramere, which stabs the post-anal cuticle of the copulating female in D. subpulchrella (figure 1f,f 0 ), does not come into contact with the female at all in D. suzukii (figure 1e,e 0 ). We assessed the proportion of pairs with paramere contact during the time course of copulation and found that the paramere of D. subpulchrella stabs the post-anal cuticle of the female at a high frequency between 8 and 13 min rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181635 into copulation (figure 3). Usually, the insertion of aedeagus and sperm transfer take place at some time during the intermediate time range (e.g. [24] ). Thus, the results suggest that the paramere is likely to function as a hook to stabilize genital coupling during this phase in D. subpulchrella.
(b) Reduced stabilizing selection on paramere in Drosophila suzukii
In other species of the suzukii subgroup, such as D. biarmipes and Drosophila mimetica, which do not have enlarged ovipositors [12] , the paramere is sharply pointed and comes into contact with the female cuticle during copulation (figure 3b; electronic supplementary material, figure S2 ; [25] ). Therefore, parsimoniously, D. suzukii males are likely to have abandoned the use of this structure for stabilizing coupling, owing to the linearly extended female ovipositors. Consistently, the D. suzukii paramere has lost the hook-like shape that is present in the paramere of D. subpulchrella ( figure 2a,b) . A pocket-shaped structure that is present on the postanal cuticle of D. subpulchrella females at the exact position of paramere contact is also shallower in D. suzukii females (electronic supplementary material, figure S1 ). Thus, stabilizing selection on paramere morphology in D. suzukii might have been relaxed. As predicted, PCA analysis on elliptical Fourier descriptors of paramere shape revealed (c) Interspecific copulation between Drosophila suzukii and Drosophila subpulchrella Fuyama [26] showed that interspecific crosses are possible between newly emerged D. subpulchrella (Drosophila pulchrella in Fuyama [26] , but later corrected this to be D. subpulchrella as in Takamori et al. [16] ) females and D. suzukii males at low frequencies. We reinvestigated this interspecific cross by video recording heterospecific pairs of D. subpulchrella (H243) females (less than 1 day after eclosion) and D. suzukii (TMUS8) males (greater than or equal to 3 days after eclosion). Out of 30 single pairs placed in the mating chambers for approximately 3 h, four pairs copulated (attached to each other) for more than 30 s (occasional short attachment less than this period was excluded). The pairs were attached to each other by their genitalia, but constantly tumbled around for the whole period (electronic supplementary material, movie S1), and showed substantially high average velocity compared to conspecific pairs (figure 5a). Also, the copulation durations of the heterospecific pairs were much shorter than those of conspecific pairs (figure 5b). Thus, heterospecific copulation is highly unstable, possibly owing to the failure of establishing stable genital coupling.
(d) The effect of disrupting paramere contact on copulation behaviour
If paramere contact stabilizes copulation in D. subpulchrella but is dispensable in D. suzukii, the experimental disruption of paramere contact should destabilize copulation in the former species like in the heterospecific pairs, but not the latter species. We therefore conducted an experiment to manipulate the contact status. Surgical ablation of the parameres was not feasible, because those structures are highly sclerotized and buried inside the abdomen. However, we were able to induce melanized wounds in the targeted cuticle that would disrupt paramere contact during copulation in D. subpulchrella. This was done by surgically disrupting the pocket-like structure of the post-anal cuticle (electronic supplementary material, figure S1 ), which comes into contact with the paramere during copulation in D. subpulchrella, and the corresponding structure in D. suzukii. It was not feasible to control the size and the precise position of the wound. Therefore, we assessed the post-anal cuticle after the video recording was finished. We excluded the females that had no obvious wound on the soft cuticle between the lateral sclerotized cuticle of the eighth abdominal tergite. Nine conspecific copulation incidences of females with melanization surrounding the pocket-like structure (electronic supplementary material, figure S4 ) were successfully video recorded for each species. As predicted, highly unstable copulation behaviour, which resembled interspecific copulation, was induced by disrupting paramere contact in D. subpulchrella (electronic supplementary material, movie S2). The velocity of the copulating pair was significantly higher and the copulation duration was significantly shorter than those for the pairs 
Discussion
In this study, we have made attempts to describe how traits evolving under divergent natural selection became the drivers of sexual selection, and in turn, have led to reproductive isolation, i.e. the process of ecological speciation [27] , in a fruit-damaging Drosophila, D. suzukii and its closely related species. Our results support the scenario that natural selection on linearly elongated ovipositors of D. suzukii had impacted the mechanics of genital coupling and imposed coevolutionary changes of male genitalia, which had led to mechanical reproductive isolation between species. Our detailed investigation of copulating pairs revealed that the linearly elongated ovipositors of D. suzukii females influence how males hold females with their genitalia during copulation. A clear difference was observed between the sibling species, D. subpulchrella, in the position of the paramere (figures 1 and 3) . In outgroup species, the paramere contacts or stabs the post-anal cuticle of females during copulation (D. biarmipes; figure 3 ; electronic supplementary material, figure S2: D. mimetica; [25] ). Thus, this paramere position is likely to be the ancestral state, at least in the suzukii species subgroup.
Like the parameres of these species, the males of many Drosophila species use various sharply pointed genital structures to secure the mating partner in place. As a counter-adaptation, females frequently develop species-specific pouches (like those of D. subpulchrella; electronic supplementary material, figure S1 ) that accommodate male genital spines during copulation [25] to mitigate the mating costs imposed by males (narrow sense sexual conflict [4] ). Our study documents a case in D. suzukii, in which selective forces associated with a shift in the oviposition site interfered with the conventional sexual conflict scenario, with the loss of paramere contact probably being forced by a rapid adaptive change in ovipositor morphology.
Instead of using the paramere, D. suzukii males must use different genital structures to stabilize coupling. Comparison of male genitalia between the two species showed that the claspers (¼ surstyli) that grasp the posterior end of the ovipositors during copulation (figure 1e,f ) are more linearly aligned in D. suzukii than in D. subpulchrella ( figure 2c,d ). This difference in clasper alignment matches the difference in ovipositor shape. Also, bristles on the anal plates (¼cerci) that contact ovipositors in both species are thicker and longer in D. suzukii compared with D. subpulchrella ( figure 2c,d) ; thus, D. suzukii could be relying more heavily on these structures. These observations are consistent with the scenario that the elongation of the ovipositor in D. suzukii, which is associated with its functional innovation in exploiting new niches, has led to drastic changes in the mechanics of genital coupling. These changes might have eliminated the necessity for paramere contact, with other genital structures being adjusted to grasp female genitalia securely only at the posterior end of the linearly extended ovipositor in this species.
The two species, D. suzukii and D. subpulchrella, are established species that coexist in sympatric locations in Japan [28] . rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181635
Therefore, these species are likely to be reproductively isolated in the field. However, in the laboratory, postmating isolation between the two species is not complete, as Fuyama [26] showed that small numbers of offspring emerge when crossing newly emerged females of D. subpulchrella females with D. suzukii males. Premating isolation appears to be strong, and copulation was not possible when using a 4-day-old female in this cross or between D. suzukii females and D. subpulchrella males [26] . In our study, 4 out of 30 (13.3%) pairs of D. subpulchrella females (on the day of eclosion) and D. suzukii males successfully attached their genitalia, even though the rate could substantially vary among different combinations of rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181635 strains. We used TMUS8 males instead of WT3 males in this experiment, because of the low copulation rate of the latter during the preliminary observation. Nevertheless, the duration was shorter than that for regular conspecific matings between fully developed males and females, and the pairs were constantly moving around (figure 5; electronic supplementary material, movie S1), which was a clear indication of incompatibility. The changes in clasper and anal plate morphology in D. suzukii to compensate for the loss of paramere function may not be compatible with the female genitalia of D. subpulchrella. Excluding other factors causing incompatibilities, such as female rejection based on chemical, auditory or visual stimuli, is not possible, but it is highly probable that heterospecific pairs cannot establish stable coupling positions for male and female genitalia because of the mechanical incompatibility.
Furthermore, our experimental manipulation to disrupt paramere contact by introducing a wound to the pocket-like structure provided a clear result showing that, even in conspecific copulating pairs with correct exchange of chemical and auditory signals, disruption to paramere contact is sufficient to induce unstable copulation in D. subpulchrella (figure 5; electronic supplementary material, movie S2). This effect is not observed in D. suzukii, in which paramere contact is dispensable during copulation ( figure 5 ). These results demonstrate a clear interspecific difference in copulation mechanics.
Although our study is limited to a single species pair comparison, this model case implies that the exploitation of new oviposition strategies and changes to genital coupling mechanics are tightly linked. In many insect species, the selection of oviposition sites is an essential factor that determines the early lifetime performance of offspring, while the ovipositor and/or its surrounding structures are contacted by male genitalia and determines the posture of the body during copulation. This is clearly the case in most Drosophila species in which ovipositors are grasped or covered by periphallic organs during copulation [25, 29, 30] . The contact between ovipositor and/or its surrounding structure and male genitalia during copulation is observed in many other insects, including longhorn beetles [31] , crickets [32] and a dung fly species, in which the ovipositors are heavily injured during copulation [33] . Thus, natural selection related to ecological factors, such as to exploit an open niche by using fresh fruits in D. suzukii, can impose a direct influence on the coevolution of genital morphology by sexual selection in a wide range of insect species.
In particular, there is a similar phenomenon of enlarged and sclerotized ovipositor adapted to herbivory in a species of the drosophilid genus Scaptomyza, Scaptomyza flava, which is closely related to species that do not have such ovipositors [34] . It would be intriguing to investigate the signatures of coevolution with male genitalia using these species in the future, which may provide a parallel case to the one documented in this study. The dual role of female genitalia may represent an undervalued factor driving coevolutionary changes in the morphology of male genitalia, which, in turn, can result in mechanical incompatibility leading to prezygotic reproductive isolation among divergent forms. Thus, our study provides an insight into the process of ecological speciation by revealing a potential mechanism that is widely applicable to many animal species.
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